Epidemiologists engage with a wide range of other disciplines, as reflected in many of the topics that would now be considered essential for any comprehensive grounding in the subject. Thus, ''lifecourse'' was a word I was only familiar with from sociological writings when I was completing an epidemiology master's degree at the London School of Hygiene and Tropical Medicine a quarter of a century ago, but now there are Lifecourse Epidemiology research units, a plethora of textbooks, and diagnosticos of the health situation from national and international agencies often appeal directly to the notion. Socio-economic inequalities in health were of more interest to political activists than to academic epidemiologists, but (perhaps in the spirit of Herbert Marcuse's 'repressive tolerance' 1 ) are now an utterly mainstream concern. Psychological notions are pervasive, and some debates in the field have pitted primarily social notions of disease origins 2 against more psychologically inclined approaches, 3 bypassing traditional epidemiological explanatory frameworks. From econometrics, our discipline has imported instrumental variables analyses, among other borrowings. Genetics used to seem so distant from epidemiological concerns that, shamefully, during recruitment of participants for one of the studies I was involved with, I threw away large volumes of buffy coats from which DNA could have been extracted. Developmental biology became of greater epidemiological concern with the seminal studies of David Barker's group on indicators of fetal growth and later life health outcomes. 4 More recently, epigenetics has come to the fore and it is now unimaginable that a referee's report would state 'I do not know what the term epigenetics means', a sentence included in a BMJ review I received when I included the term in a 1997 submission. 5 In the current context, the excellent short book by Patrick Bateson and Peter Gluckman, Plasticity, Robustness, Development and Evolution 6 (henceforth PRDE), which the authors précis for IJE readers, 7 must be seen as dealing with issues of considerable concern to epidemiologists. The IJE published Patrick Bateson's early exposition of the epidemiological relevance of some of the ideas in the book 8 and also the first review of epigenetic epidemiology. 9 Recent developments at the intersection of developmental and evolutionary biology-now generally given the moniker evo-devo-are covered in this book, and implications for human health and disease are touched upon. Here I am not going to outline the contents of the book, since this has been done by the authors, 7 rather I will discuss several issues of particular relevance for epidemiologists and other public health scientists.
Plasticity: epidemiologists' bread and butter
The notion that development is plastic-i.e. malleable in response to environmental, genetic or stochastic perturbations-is not something that will surprise epidemiologists, although the terminology may not be a familiar one. Indeed, epidemiology is concerned almost exclusively with 'plastic' processes, with the reliable identification of exposures that lead to modification of disease risk through such processes being of central concern. The concept of critical periods during which plasticity is enhanced has been formalized within expositions of lifecourse epidemiology, 10 and the particular relevance of the fetal period recognized. The introduction of epidemiologists to developmental biology approaches to plasticity is certainly of value and may lead to concretize the above notions and perhaps to lead to clearer specification regarding mechanisms of disease aetiology. Black box thinking, whilst having its obvious successes in epidemiology, has limitations in terms of formulating how to intervene within pathways to illness. Epidemiological thinking incorporates the balance between exposure intensity and susceptibility; perhaps we can consider 'degree of plasticity' as a susceptibility indicator. Thus, whereas the fetus may be highly susceptible (or plastic), exposures are buffered by the mother and are thus often of much lower intensity. Directly smoking 20 cigarettes a day could be expected to lead to a larger exposure load on the adult doing the smoking than on the fetus passively (as it were) exposed ( Figure 1 ). The lungs of the fetus do not get hit with the tar, for example. Thus, whereas the cells of the adult might be much less 'plastic' than those of the fetus, the balance of exposure and susceptibility may be greater in the former. A primary mechanism of plasticity discussed in PRDEunsurprisingly given the zeitgeist-is epigenetics, the focus of this special issue of the IJE. Epigenetic processes that ensure the transmission of cellular traits, in particular gene expression, across mitotic cell division are clearly essential for development from the pluripotent zygote to the formed organism; in trivial terms, why kidney cells on division produce more kidney, not brain. Disease will often depend on changes in cellular physiology that are transmitted across cell divisionthis is how an exposure acting at one time, but not persisting across time can lead to the initiation of a lasting disease state. Social epidemiologists refer to the embodiment of disease risk 11 -14 -exposures getting 'under the skin' 15, 16 -and permanently influencing bodily state. Birthweight, body proportions, height, blood pressure, intima media thickness, endocrine and exocrine activity, skin tone, musculature and lung function are just a few measures of interest to epidemiologists, the development of which presumably reflects epigenetic profiles that will be influenced by internal and external signals that we consider to be 'exposures'. The epigenetic dimension may be the one in which genetic and environmental influences come together to influence development and disease risk. The forgotten aspect of disease causationchance-may also work partially at the epigenetic level. 17 In this light, the increased molecular understanding of, and ability to assess, epigenetic states must be welcome to epidemiologists. Without reviewing key epidemiological issues covered elsewhere 18, 19 -including tissue specificity, component of the epigenome assessed (e.g. DNA methylation, histone modifications, microRNAs), measurement platform, validity and reliability of assessments-it is clear that epigenetic evaluation can enhance exposure assessment, characterization of timing of exposure, mediation between exposure and disease outcome, evaluation of causality and identification of targets for potential preventative or therapeutic intervention. Whilst the current hyping of epigenetics may elicit antibodies in some epidemiologists (including, it must be said, in me), my prediction is that most epidemiologists will be incorporating epigenetics in their empirical or theoretical work within the next few years. To tool up for this requires broad understanding before specific implementation, and towards this end PRDE is an important resource. It joins a few other excellent texts covering overlapping material from different perspectives that even epidemiologists might be able to understand.
20 -22 PRDE does, however, raise some problematic issues which, whilst not all representing central foci of the book, are of considerable epidemiological concern. It is to the epidemiological implications of these, rather than a reiteration of what the authors have summarized earlier in the symposium 7 and is covered fully in their book, 6 that I now turn my attention.
On learning not to be afraid of genetics
One noticeable feature of some current literature is the counterpoising of (here a deliberate caricature) reductionist, old-school, deterministic, pro-eugenicist, asocial, boring genetics with its apparent antithesis: epigenetics. There is a nod in this direction in PRDE. In a chapter entitled 'Clarifications' heritability is given short shrift, for conventional reasons-it tells us little about individuals, being a population measure; it is population-specific; it says nothing about the genetic or non-genetic basis of a trait (with the familiar example of the heritability of number of legs in a population of humans being zero, despite having two legs clearly being due to genes acting during development)-and, all in all, is said to deserve (and get) no further consideration in the book. One of the authors has written elsewhere in similar mode with respect to the heritability of a particular trait, obesity. 23 Twin studies have suggested a strong genetic component to obesity, 24 but such studies do not easily distinguish between genetic effects and intrauterine epigenetic effects; epigenetic changes alter patterns of gene expression-not by modifying a gene's DNA sequence but through DNA methylation and enzymatic modifications of histone proteins that package genomic DNA. Studies of Figure 1 Maternal smoking during pregnancy -is it harming the mother or fetus most? weight loss and weight gain under controlled conditions in monozygotic twins 25 in fact reveal considerable variation between members of a pair, suggesting that non-genetic factors are also operating even when the genetic background is the same. Although single-gene mutations have been shown to underlie some cases of severe familial morbid obesity, including genetic aberrations that affect appetite control, 26 for moderate obesity and obesity-associated diseases, the size of the attributable risk derived from genome-wide association studies [GWAS] has been disappointingly modest: 27 Genetic variation may account for only $10-15% of relative risk. 28 This dismissal of heritability might feel like good news to epidemiologists-it gives more room for the environmentally modifiable risk processes we want to identify in order to leverage public health improvement-but is, I think, short-sighted. Most importantly, it is empirically poorly founded. Whilst it is possible to generate a list of potential fallacies in the estimation of heritability-such as challenging the assumption that monozygotic and dizygotic twins have equally similar environments-these apply to only one method of estimation (classical twin studies), and different designs, such as studies of twins reared apart, extended twin-family studies, adoption studies (including quasi-randomized adoption) and extended pedigrees generally yield similar estimates of heritability. All of these designs are susceptible to bias, but they are different biases, and it is unlikely that they would all distort the findings in the same direction and to the same extent. 17, 29 Heritabilities for various traits are generally similar in animals studied in captivity and in the wild, 30 something difficult to envisage if they were generated by artefact. With regard to the above quotation, observed differences in weight change between monozygotic twins in experimental conditions says nothing about the heritability of obesity in the population, and neither the cited review (where $10-15% figure relates to type II diabetes, not obesity, and in any case only relates to currently identified genetic markers) nor other evidence supports the dismissal.
Of relevance to epidemiologists interested in the Developmental Origins of Health and Disease (DOHaD) field, and contrary to the above quote, genetic and intrauterine effects are distinguishable in extended pedigree studies. Furthermore, the prediction based on intrauterine influences on heritability (i.e. association between the same trait across generations) is that maternal-offspring correlations would be greater than paternal-offspring correlations. This is generally not seen, 31 and the exceptions, such as type II diabetes, 28 probably reflect fetal exposure to the maternal metabolome.
The much trumpeted 'missing heritability' 32 relates to such established variants, and yet for some diseases a considerable proportion of the heritability is already explained 33 and use of whole-genome data show that genetic variants tagged by GWAS chip single nucleotide polymorphisms (SNPs) account for a substantial proportion of the heritability of many conditions, of which height is the paradigmatic example. 34 Evolutionary biologists will not be surprised that for many traits there appear to be a very large number of Mendelian contributions, all of small effect. Consider intelligence, for example; it is likely that there would have been substantial selective advantage for greater cognitive abilities over the period of hominid evolution, and that genetic variants related to on-average poorer performance in this domain would be selected against. Writing on intellectual ability in 1927, the polymath biologist and (latterly) anti-eugenicist, Raymond Pearl, 35, 36 reported that he adhered 'firmly to Galton's view that heredity plays the principal role', but with an 'almost infinite manifold of germ-plasmic contributions'. 37 Pearl's prediction (based on biological reasoning) has proved spectacularly prescient: molecular genetics suggests that a myriad of Mendelian influences of individually tiny effect contribute to the heritability of intelligence. 38 The antieugenicist in Pearl welcomed this-attempts at eugenic 'improvement' made no biological (or ethical) sense in this context. 39 Indeed, the shuffling of such tiny Mendelian effects could, Pearl said, 'be relied on, I think, to produce in the future, as it has in the past, Shakespeares, Lincolns, and Pasteurs, from socially and economically humble origins'. 37 Straying from academic language, Pearl considered that the eugenicist inability to see that 'the economic element is perhaps the most significant biologically' was 'stupid'. 37 We should learn to be as unafraid of genetics and heritability as Pearl evidently was.
Epidemiologists are connoisseurs of change; the root of the term in 'epidemic' gives this away. The co-existence of high heritabilities with substantial and rapid fluctuations in levels of obesity, and sustained increases in intelligence scores ('the Flynn effect' 40 ) , demonstrates that [100-heritability]% is not the proportion of disease due to the environment, 17 despite the persistent misunderstanding that this is the case. As Geoffrey Rose pointed out, in a population where everyone smoked, lung cancer would appear to be a genetic disease, yet virtually all the cases could be removed by the cessation of smoking. 41 High heritability says nothing which limits the potential to alleviate disease; consider the highly heritable phenylketonuria compared with Parkinson's disease, which has low heritability, in terms of success in prevention and treatment. In more general terms, heritability provides a route to strengthening the knowledge base for improving population health. The genetic variants that are being reliably identified as influencing traits can be utilized to generate more robust evidence regarding causality of environmentally modifiable risk factors than is provided by conventional observational epidemiology. 42, 43 This approach ('Mendelian randomization') is now being applied to the study of transgenerational influences on disease through the intrauterine environment 31 and to establishing the causal influence of particular epigenetic modifications. [44] [45] [46] Mendelian randomization is essentially the application of the concepts of phenocopy and genocopy to population-based research settings. The term phenocopy is attributed to Goldschmidt, 47 describing how an environmental exposure can produce the same outcome as does a genetic mutation. As Goldschmidt explained, 'different causes produce the same end effect, presumably by changing the same developmental processes in an identical way'. 47 In human genetics, the term phenocopy refers to an environmentally produced disease state that is similar to a genetic syndrome. For example, the niacin-deficiency disease pellagra is clinically similar to the autosomal recessive condition Hartnup disease, 48 and pellagra has been referred to as a phenocopy of the genetic disorder. 49, 50 Hartnup disease is due to reduced neutral amino acid absorption from the intestine and re-absorption from the kidney, leading to low levels of blood tryptophan which in turn leads to a biochemical anomaly which is similar to that seen when the diet is deficient in niacin. 51, 52 Genocopy, a less familiar term, attributed to Schmalhausen, 53 is the mirror image of phenocopy-i.e. when genetic variation generates an outcome that could be produced by an environmental exposure. 54 Hartnup disease is a genocopy of pellagra, whereas pellagra is a phenocopy of Hartnup disease. Mendelian randomization can, therefore, be viewed as an application of the phenocopy-genocopy dialectic that allows causation to be separated from association through the common outcome produced by environmental or genetic predisposing factors. In their classic early 20th century studies of pellagra, Goldberger and Sydenstricker identified a dietary deficieny as the cause. They could not move beyond the hypothetical pellagra preventative factor to the actual nutrient which was deficient, but if they had been armed with evidence on genetic investigations of Hartnup disease, this would have been a simple step.
The scope of phenocopy-genocopy has been discussed by Zuckerlandl and Villett, 55 who advance mechanisms through which there can be equivalence between environmental and genotypic influences. Indeed, they state that 'no doubt all environmental effects can be mimicked by one or several mutations'. The notion that genetic and environmental influences can be both equivalent and interchangeable has received considerable attention in developmental biology. 56, 57 Furthermore, population genetic analyses of correlations between different traits suggest there are common pathways of genetic and environmental influences, with Cheverud concluding that 'most environmentally caused phenotypic variants should have genetic counterparts and vice-versa'. 58 Epigenetic processes can be influenced by both germline genetic variation and the environment, and the outcome for the same degree of epigenetic perturbation may be expected to be the same. In this sense, the insights from developmental biology-of 'gene/environment equivalence' or 'gene-environment interchangability' (to use West-Eberhard's terminology) 56 -may offer more to epidemiologists than the much lauded (but often spurious) claims made for gene-environment interactions. The early dismissal of 'heritability' and all it entails in PRDE is something epidemiologists may want to ignore.
Transgenerational epigenetic inheritance: fad or fate?
The short shrift given to germline genetic inheritance in PRDE is compensated for by an interest in epigenetic inheritance. The essence of epigenetics is mitotic cellular inheritance, yet from some popular presentations it is possible to get the impression that epigenetic processes stably transmitted across meiosis (i.e. during gamete formation) are the central concern. Undoubtedly, the apparently heretical echoes of the Lamarckian 'inheritance of acquired characteristics' feeds into this interest. 59 The implications of so-called 'soft' inheritance for human health has been discussed by one of the authors of PRDE in several other places, 60, 61 and this issue is clearly of interest to epidemiologists, concerned as they are with the determinants of disease-related phenotypic variance within populations. Some enthusiastic commentators consider that epigenetic transgenerational inheritance is well established as a major cause of obesity, for example, and that obesity prevention policies should be refocused to recognize this. 62 This is surely premature; first we need to know how important, quantitatively, are such processes compared with other influences on disease risk.
A very useful (if partisan) review by Jablonka and Raz (referred to in PRDE) details the evidence for transgenerational epigenetic inheritance, 63 presents potential mechanisms (including cytoplasmic metabolic loops, templating of 3D protein structure, microRNAs and, probably the most discussed and researched, DNA methylation) and provides a helpful figure (reproduced here as Figure 2 ) summarizing the processes leading to the induction of such changes. To become 'inheritance' in the way that is usually understood by the term, an epigenetically influenced parental phenotype must successfully reproduce itself across generations (i.e. across meiosis), and this common-sense notion is the end-product of all of the different induction mechanisms represented in Figure 2 . Whilst there are examples of what could be referred to as phenotypically consistent transgenerational epigenetic inheritance, 63 these relate EPIGENESIS FOR EPIDEMIOLOGISTS mainly to plants, and their quantitative importance is uncertain. Indeed, there is a largely ignored but substantial body of evidence from the classical genetics literature which suggests that even in plants the quantitative contribution of such inheritance mechanisms to the resemblance of phenotype across generations is low. 64 Such evidence dates back to the foundations of Mendelian genetics, and the 'pure line' experiments in beans by the originator of the term 'gene', Wilhelm Johannsen ( Figure 3) . 65, 66 Inbreeding, self-pollination (in plants), parthenogenesis and cloning produce groups of genetically identical or very similar organisms that nevertheless show phenotypic variation. Indeed, such variation featured in the celebrated early 20th century debates between Mendelians (led, in the UK at least, by William Bateson) and biometricians (led by Francis Galton's protégé, Karl Pearson and his close colleague WFR Weldon). [67] [68] [69] [70] The key issue was that phenotypic difference in pure lines was not transmitted to their descendants: selecting by extreme of phenotype produced groups whose descendants regressed completely to the mean for the pure line with respect to the phenotype that selection was by. What are now called epigenetic mechanisms will, almost by definition, generate these phenotypic differences: yet they show no inter-generational transmission. By 1917, Raymond Pearl could catalogue an extensive series of studies, 'wholly negative so far as the production of any change in type is concerned', in many organisms. 71 Over subsequent decades, the litany of such studies continued in an ever-expanding range of plants and animals. The consistency of findings across many different organisms and many different phenotypes is, indeed, what allowed a confident dismissal of the quantitative importance of Lamarckian inheritance Figure 2 The induction of epigenetic inheritance. 63 (A) Direct germline induction: an external stimulus induces a germline change from G0-G1 with no effect on the parental soma, which remains S0. The G1 state is inherited, and leads to the development of an S1 soma. (B) Parallel induction: an external stimulus induces a change in the parent's soma from S0-S1 and in its germline from G0-G1. The G1 state is inherited and causes the development of an S1 soma in descendants. (C) Somatic induction: an external stimulus induces a change in the parent, altering its somatic phenotype from S0-S1. The effect is transmitted from the S1 soma to the germline, where G0 is changed into G1; G1 is consequently inherited and results in the development of an S1 soma. (D) Parallel induction with non-parallel effects: an external stimulus alters the soma from S0-S2, and the germline from G0-G1. The germline modification is inherited and leads to the development of S1 soma in subsequent generations. With all four types of induction, S1 could have an effect on G1 in all descendants of the original induced parents (data not shown). Jablonka E, Raz G. Transgenerational epigenetic inheritance: prevalence, mechanisms, and implications for the study of heredity and evolution. The Quarterly Review of Biology Most of the differences which occur are not inherited, as Johannsen first showed. If the environment is variable more differences may occur. And in general, these are not inherited. This important negative fact is the basis for the denial by most geneticists of Lamarck's theory that acquired characters are inherited, or more accurately that differences in one generation due to diversity of environment give rise to differences in another generation due to diversity of ancestry. The denial of Lamarckism also rests on the positive fact that most genetically determined differences are due to differences in genes, distributed according to Mendel's laws, and inconsistently with Lamarck's hypothesis. 72 Such 'pure line' studies were utilized to identify the effect and quantify the low-frequency occurrence of new mutations (which against a previously shared genetic background could produce heritable phenotypic perturbations). 73 The conclusion from over 100 years of research must be that epigenetic inheritance is not a major contributor to phenotypic resemblance across generations, yet strangely-and perhaps because of the unexceptional nature of the findingsthis vast literature has, in some circles, been forgotten. Instead, occasional examples of phenotypically consistent epigenetic inheritance relating to a particular phenotype in a particular organism are given considerable attention, with the implication that they represent a general phenomenon. The transgenerational inheritance of longevity in Caenorhabditis elegans 74 appears established, and there is good evidence of transmission of leaf hairiness in response to injury in monkey-flowers. 75 Transmission of stress-induced DNA methylation in asexual dandelions 76 and of spontaneously arising 'epialleles' (as such methylation variants are sometimes called) in other plants 77, 78 have been demonstrated although there are no clear phenotypic effects of these transmissible epigenetic states. In many cases the epigenetic basis of transgenerational inheritance cannot be established. For example, a celebrated example of apparent epigenetic inheritance in mouse-ear cress, of which Jablonka and Raz said 'DNA methylation [is] assumed to be involved', has now been shown to be due to gene duplication. 79 Haldane referred to Victor Jollos' Dauermodifikationen (semi-heritable environmentally influenced and adaptive traits mediated by the cytoplasm, 80 which feature in Jablonka and Raz's review), 63 but, even if real, these effects (which dissipated over a few generations) were of very minor importance compared with the influence of germline genetic variation. 72 Interested as they are in the determinants of health of populations, epidemiologists will want to focus on the major determinants of variation in disease risk in human populations, and currently transgenerational epigenetic inheritance is not an established player. In mammals, there is almost complete reprogramming of the epigenome in both the primordial germ cells and the pre-implantation embryo which would mitigate against such transmission. 81 Even plant researchers interested in such processes point out that unequivocal examples 'have remained elusive' 82 or that reference is to 'isolated and spectacular cases', 83 and in humans and other mammals evidence of quantitatively important effects is thin. There is some confusion in the literature in that on occasion processes that do not produce phenotypic similarity between parents and offspring, or that do so but not through transmissible cellular states, are subsumed under the heading 'epigenetic inheritance'. Clearly, cultural transmission can lead to phenotypic similarity of parents and offspring, and an initially single-generation effect of maternal physiology on the developing fetus may lead to cross-generation replication of phenotype (as in the case of type II diabetes) without transgressing conventional germline genetic inheritance mechanisms. The influence of the non-transmitted parental allele on offspring phenotype, including of the paternal Y chromosome on daughters' phenotype, have been demonstrated, 84 and whilst such putative genetic effects which are not transmitted by germline sequence are fascinating, they do not represent mechanisms for the EPIGENESIS FOR EPIDEMIOLOGISTS transmission of environmentally induced parental phenotype to the offspring. In the epidemiological arena, many of the best known examples that are sometimes referred to as demonstrating epigenetic inheritance-such as the apparent influence of grandpaternal dietary challenge on grandchild mortality or paternal pre-pubertal smoking on offspring obesity 85 -relate to exposure-phenotypic associations without any mechanism being demonstrated, and are liable to at least the same degree of confounding and other biases as are conventional epidemiological studies. An important issue with the incorporation of epigenetics into epidemiological studies is that, in contrast to the investigation of germline genetic variation, 86 epigenetic markers are phenotypic, with all the problems that entails. Understanding how phenotypic resemblance is recreated across generations, and how exposures in previous generations may influence the current generation without generating transgenerational phenotypic similarity, are challenging tasks. Epidemiology requires retooling to be up to the job, but it is a job worth doing.
From FOAD to DOHaD
For epidemiologists, the Fetal Origins of Adult Disease (FOAD) was an exciting concept, that rapidly developed from the seminal 1986 ecological analysis by David Barker and Clive Osmond 87 through the 1989 study of birthweight and cardiovascular mortality, 88 Hales and Barker's 1992 proposal of the thrifty phenotype, 89 the First World Congress on FOAD in Mumbai in 2001, 90 to the Second World Congress on FOAD in Brighton in 2003. 91 Then FOAD disappeared, with little fanfare, and we had the Third World Congress on the Developmental Origins of Health and Disease. 92 At the time of the name change, I cynically thought this was about image: I had Googled the 'FOAD' congress in 2003, and was directed to a vastly more entertaining website-now sadly defunct-'Fuck off and die', which informed me about the nefarious activities of Courtney Love and related icons. Googling DOHaD gets you straight to where you want to be. Also, as a one-time affiliate of a groupuscule of the Trotskyist Fourth International (I seem to remember we traded in the newspaper Socialist Drinker) I thought perhaps the FOAD to DOHaD name change was the result of a Kremlin coup. The switch was, however, profound, emphasizing as it did the long sweep of 'development', from well before birth (indeed from before one's parents' birth) to the time of life when 'development' becomes a euphemism for decline and decay.
PRDE again proves highly stimulating when thinking about DOHaD. Over what stages of development can environmental cues provide information that allow for predictive adaptive responses: the developing organism preparing itself for the future it faces? PRDE largely (but not exclusively) discusses the fetal period and cues mediated through the mother. Others disagree: Jonathan Wells, for example, argues that maternal adaptation to both the environment and a semi-parasitic fetus (whose genetic future the mother partly-but only partly-shares) is key. 93 Cues acting during any particular pregnancy relate to a short time period, and as Chris Kuzawa suggests a longer time period may be more informative about the future, and maternal measures relating to this extended time course could have more motive force. 94 Translating this into epidemiologically tractable questions, maternal height-a marker of under-nutrition, infection and other potential causes of growth interruption-reflects a longer time window than the duration of a single pregnancy, and the potential influence of maternal height can also be directly compared with paternal height as a control exposure which is patterned in the same way as maternal height by socio-economic and other confounders. 95 Such a design finds that in a low-income country setting maternal height is strongly associated with mortality of offspring in infancy and early childhood, with no comparable association seen for paternal height, providing support for the notion that embodied maternal capital importantly shapes the life chances of offspring. 96 Measures like maternal height can be considered to be averaging apparatuses, providing cumulative indications of conditions prior to the period in which an organism encounters the world. This might provide more valuable cues than a snapshot of what is happening during the fetal period. Indeed, rapidly fluctuating environments may not provide useful information regarding a favourable direction for phenotypic change, and instead promote a generalized increase in offspring plasticity (to cope with a changing environment) 97 and phenotypic variance (increasing the probability that at least a proportion of offspring will be suited for the actual environment experienced). 17 In PRDE, the influence of early postnatal stressors on timing of puberty is discussed-if the environment is tough, better get started with breeding early-but perhaps for chronic adulthood disease in general the responses to cues provided in infancy and childhood may be as important, if not more so, than fetal experiences. Birthweight is a convenient measure available from routine records for large proportions of the populations of high-income countries; there is no equivalent indicator of infancy and childhood experience. This could explain why there is a much richer epidemiological literature on fetal experiences (indexed by birthweight) than the early postnatal environment. The mother, however, provides a remarkable buffer between the environment and the fetus she carries-consider how small the influences of major shifts in maternal nutrition, such as during famines, are on offspring birthweight-and thus the direct experience of the environment by an infant or child might provide considerably richer information about the potential future they face than cues mediated through the mother. This is an issue crying out for serious epidemiological engagement.
For population health researchers, an implication of DOHaD is that exposures which act at a particular developmental period and are changing over time should generate observable birth cohort effects. This is not the place to review the substantial evidence on this issue, but my reading 98 is that where there is good evidence that an exposure has its effects at a particular early life period-for example, infancyacquired Helicobacter pylori infection-such birth cohort effects in the related diseases, peptic ulcer and stomach cancer in this case, can be seen. For blood pressure, haemorrhagic stroke, bronchitis and respiratory TB there is evidence of cohort effects in population health data. However, for obesity, coronary heart disease, type II diabetes and ischaemic stroke-which receive much attention in the DOHaD literature-there are no clear cohort effects, and very clear period effects, with all age groups at a given time showing the same secular trend. This suggests that changing exposure patterns in the population are influencing disease risk independent of the period of life (or development) during which they are experienced. The developmental origins of disease may be of more population health importance in societies before than after the transition to the so-called 'noncommunicable disease' period. 98 'Totally constant and highly variable': genetics, epigenetics and the epidemiologist In Wilhelm Johannsen's seminal 1903 monograph, he borrowed a term from Hugo De Vries, to describe genetically pure lines as 'totally constant and highly variable'. 65 Figure 4 , from Johannsen's beautiful paper 'The genotype conception of heredity', 99 illustrates how variance in a population (the lower panel) can be considered as a summation of the variance between the pure lines illustrated in the upper five panels and the variance within the pure lines. Both the constancy (the means of the pure lines within a given environment) and the high variability (the variance within a pure line, due to environment and chance) need to be interrogated to understand what creates the distribution of a disease-related trait within a population. As discussed above, the constant average genetic effects can provide, paradoxically, one of the most reliable ways of understanding the environmental causes of variation. Thus whereas epigenetics and plasticity are attractive-indeed essential-concepts for epidemiologists, they should be additional to, not a replacement for, continuing efforts to understand germline genetic influences on development and health. Figure 4 The lengths of five different pure lines of beans and a 'population' formed by their union 99 Development as an active and responsive generator of phenotype is central to evo-devo, and Conrad Waddington is seen, in PRDE and elsewhere, as the hero who linked genetics to evolution and development. Name-checking Waddington is now de rigueur in overviews of plasticity, development and epigenetics [20] [21] [22] and it is appropriate that his work is recognized, but it is surprising that the contribution of Sewall Wright is not acknowledged, in PRDE or in many other recent presentations. This is perhaps because Wright is seen as one of the three founders (with Haldane and Fisher) of population genetics, which provided robust foundations for the so-called 'modern synthesis' of Darwinism with Mendelian genetics in the 1930s and 1940s. This synthesis is one which evo-devo is apparently transcending. Yet Wright was committed to linking genetics with development (to the extent of contemplating a salary cut in order to further such work 100 ), and there is much in his extensive writings that can help epidemiologists think about what determines variation of disease and disease-related phenotypes in human populations. 100, 101 Consider his celebrated study of otocephaly (a deformity of the face and head) in guinea pigs. 102 This developmental anomaly shows gradation, from minimal effect to almost entire loss of the head (see Wright's diagrammatic schema in Figure 5 ), and also clearly has a genetic basis. In a high-risk highly inbred line of guinea pigs 1.5% were born with the condition to some variable degree, but whether the condition was experienced at all, and if so the severity of the condition, did not appear to have a straightforward genetic basis. At the level of the individual guinea pig, the probability that a littermate of an otocephalic would itself be otocephalic was not 'appreciably greater than in the case of a sibling from a different litter, or in the case of a random animal from the whole strain. The precipitating factor must be peculiar to individuals'. 103 This is strikingly similar to the many human characteristics of which Plomin and Daniels asked the question 'Why are children in the same family so different from each other?', 104 as recently considered from an epidemiological perspective in the IJE. 17, [105] [106] [107] [108] [109] For the individual guinea pig, essentially chance (and what might now be considered epigenetic) irregularities at a crucial developmental stage were considered key, 100, 102 although the season of birth, with conditions in the guinea pig colony being poor in the winter, influenced the proportion of guinea pigs affected. The same pattern is seen with respect to human disease risk; 17 at a group level external factors that influence the rate of a disease-indeed, may be responsible for virtually all cases-can be identified, even when at an individual level it is not possible to clearly predict who will and who will not develop the disease.
The gradation of anomalies in Wright's guinea pigs displayed in Figure 5 is reminiscent of the distribution of many human traits that underlie disease, such as blood pressure and cholesterol level. In similar vein, Wilhelm Johannsen pointed out that 'theoretically, as well as practically, there are no sharp limits between 'normal' and 'pathological' manifestations of life', 99 and the graphs of the distribution of the size of his beans (in Figure 4) could be re-labelled as the size (body mass index, say) of members of a human population. Those who are labelled as being obese are in the upper tail of the distribution. The lessons of recent genome-wide association studies is that common disorders behave as quantitative traits; such disorders are either the extreme of a distribution or the probabilistic outcomes of an underlying liability with such a continuous distribution. 110 Trait variation will subsume the influence of the germline genome, the environment and chance, and epigenetic processes may mediate all of these. The task for public health is to shift such distributions by environmental change. 41 Understanding the developmental processes influencing phenotype, and the gene-environment interchangability underlying this, can help in this task.
PRDE conveys the excitement of a rapidly developing field which epidemiologists will want to get to grips with. I agree with the authors' concluding statement that 'with a whole array of promising new research areas and techniques emerging, integrative biologists have a lot to be excited about'. The shock of the new should not, however, obscure the fact that we still have much to learn from the old biology, and that the relative quantitative importance of different processes in determining health outcomes within a population do not correlate with the extent to which they represent cutting-edge technologies or ideas. 
